ABSTRACT Field sex ratios of the solitary ectoparasitoid wasp Heterospilus prosopidis Viereck were examined. H. prosopidis mates panmictically in the Þeld, and the size of their bruchid hosts vary. According to the theory that combines local mate competition and host quality effects, two major predictions for H. prosopidis sex ratios in the Þeld can be made: more females should emerge from larger hosts, and 1:1 or slightly male-biased sex ratios should be observed in a natural population. Prosopis seeds infested with bruchids were collected in Hawaii, Arizona, and Texas in 1996, 1997, and 1998. Among nine collections, six did not deviate signiÞcantly from a 1:1 sex ratio, one showed a male-biased sex ratio, and two were female-biased. Although environmental factors other than host quality and mating structure may inßuence sex ratio temporally or spatially, these results generally support our predictions.
THEORIES OF SEX RATIO evolution have been investigated in parasitic wasps because hymenopteran mothers can determine their offspring sex ratio by controlling the fertilization of each egg (Flanders 1965 , Godfray 1994 . Although many factors affect parasitoid sex ratios (King 1987 , Godfray 1994 , the effects of mating structure and host quality are especially important. Much research has tested the theories of local-mate competition (Hamilton 1967) and host-quality effect (Charnov 1979 (Charnov , 1982 on sex allocation. However, most of these studies were conducted in the laboratory, and little is known about parasitoid mating structure in nature, except the case of complete local-mate competition with sib-mating (Godfray 1994 , Hardy 1994 , Godfray and Cook 1997 , Antolin 1999 . There are studies on parasitoid sex ratio that take into account mating structure in the Þeld (Heinz and Parrella 1990 , Antolin and Strand 1992 , Guertin et al. 1996 , Molbo and Parker 1996 , such as random mating or partial local-mate competition (Nunny and Luck 1988 , Werren and Simbolotti 1989 , Ikawa et al. 1993 . However, the number of studies on Þeld sex ratios is still small and more study is needed.
In the current study, we examined sex ratios of a solitary ectoparasitoid wasp, Heterospilus prosopidis Viereck, in the southwestern United States. Their bruchid hosts (Mimosestes, Algarobius) feed on seeds of Prosopis (Mimosoidae), whose pods are produced in abundance on a tree. There are Ͼ10 seeds in one seed pod and each beetle attacks one seed. H. prosopidis parasitizes Þnal instars and pupae of the beetles (Bridwell 1918) , and many H. prosopidis emerged from the seed pods and ßy to mate around the trees (M.S., unpublished data). Judging from the ecologies, there seems to be no structured mating among H. prosopidis. Also, the size of their hosts increases with developmental stage. Because larvae of H. prosopidis consume the entire host body, we can regard the size of the wasp as reßecting the size of the host (Shimada 1984 , Shimada and Fujii 1985 , Fujii and Wai 1990 , Ikawa et al. 1993 . Laboratory studies have shown that H. prosopidis tends to lay female eggs in large hosts and male eggs in small hosts (Utida 1944, Shimada and Fujii 1985) , and that being large is much more advantageous for females than for males in H. prosopidis (Jones 1982) . This demonstrates that the basic assumptions of the host-quality model with random mating are likely to be satisÞed appropriately in H. prosopidis. Thus, H. prosopidis is an excellent organism for testing the hostquality model and the effect of mating structure (in this study, we assume random mating) in the Þeld.
According to the model for sex allocation (Werren 1984) , which incorporates both effects of local-mate competition and host quality for the Þrst time, either 1:1 or slightly male-biased overall sex ratios are expected with host-quality effect in a panmictic population (number of foundresses3ϱ). Male-biased overall sex ratios are also predicted by a host-quality model which considers only the case of random mating (Charnov 1979 , Charnov et al. 1981 . When female parasitoids attack large hosts primarily by preference, the sex ratio will approach 1:1 (Werren 1984) . Because larger individuals generally have higher Þtness in both sexes (Brault 1991 , Godfray 1994 ), a female usually prefers a large host in nature.
Thus, there are two major predictions for H. prosopidis sex ratios in the Þeld: (1) female parasitoids should be larger than males; and (2) 1:1 or slightly male-biased overall sex ratios should be observed in each wild population. We aim to test these predicitions in H. prosopidis. 1998 August. Arizona: SNM. 1998 September. Arizona: SNM. The collection sites in Hawaii were along avenues around Honolulu city, with at least two sampling locations in each site. The collection sites in Arizona and Texas were natural habitats of Prosopis. In 1998, samples were collected along three transects in August and two transects in September.
Materials and Methods

Seeds of
We imported Prosopis seeds to our laboratory and kept them at 27ЊC under a photoperiod of 16:8 (L:D) h. When H. prosopidis emerged, we recorded the numbers and sexes pooling for each state. Dry body weight was measured individually to the nearest 1 g using a CAHN Type 30 balance. Parasitoid body size in male and female was compared using the MannÐWhitney U test and KolmogorovÐSmirnov test. Overall sex ratios were examined using the binomial test (Zar 1996) . We conducted the analysis of covariance (ANCOVA) (Snedecor and Cochran 1989, Sokal and Rohlf 1995) after plotting the sex ratio against parasitoid weight each year.
Results
Parasitoid Body Size in Male and Female, and Overall Sex Ratio. The number of males and females that emerged is shown as histograms of body weights (Figs.  1Ð3) . In every collection, females were signiÞcantly heavier than males on average (MannÐWhitney U test, P Ͻ 0.01). Frequency distributions also revealed that females are signiÞcantly heavier than males (KolmogorovÐSmirnov test, P Ͻ 0.05). Adult sex ratios did not deviate signiÞcantly from 1:1 in Hawaii, Arizona, and Texas in 1996 (Fig. 1) , Hawaii and Arizona in September 1997 ( Fig. 2b and d) and Arizona in September 1998 (Fig. 3b) . SigniÞcant deviations were seen in Hawaii in August 1997 (male-biased, Fig. 2a ; binomial test, P Ͻ 0.01), Arizona in August 1997 (female-biased, Fig. 2c ; binomial test, P Ͻ 0.01) and Arizona in August 1998 (female-biased, Fig. 3a ; binomial test, P Ͻ 0.01).
Sex Ratio in Local Plots. We calculated the sex ratio in each study plot in SNM, Arizona, 1998 (a transect; SNM T-1, SNM T-2, SNM T-3) to determine whether sex ratios change locally and temporally (Table 1) . Transects were separated from each other by 1Ð7 km. In August, only SNM T-1 showed a 1:1 sex ratio, SNM T-2 and SNM T-3 were female biased. In September, both transects (SNM T-1 and SNM T-2) showed a 1:1 sex ratio, though the emergent number was not large.
Relationship Between Sex Ratio and Host Size. We plotted sex ratio against parasitoid body weight for each year (Fig. 4) . As mentioned above, the parasitoid size reßects the host size. Sex ratio gradually decreased with parasitoid weight increase. We conducted an ANCOVA to examine whether there are variations of the sex allocation patterns among different populations or years. If the parasitoid population number was Ͻ100, the population was omitted from the analysis. Also if the individual data point corresponding to the population is Ͻ10, it was omitted from the analysis. Although these populations and individual data points were omitted from the analysis, they are presented in Fig. 4 . No signiÞcant difference was found in the slopes of different years in the same site nor of different sites in the same year (Table 2) . However, about the variation among heights (adjusted means), a signiÞcant difference was observed among years in Hawaii. Marginal differentiation was observed among sites in 1996 and 1997 (Table 2) .
Discussion
Six collections out of nine demonstrated a 1:1 sex ratio. Emergent females were heavier than males in all collection sites. These results support our prediction that the overall sex ratio of H. prosopidis is nearly 1:1 in nature, and the female ratio increases with larger body size. Ikawa et al. (1993) examined primary sex ratio and found that mother wasps laid males on small hosts and females on large hosts. So, it is unlikely that females use hosts more efÞciently than males, and therefore emerge with larger body size if they were to parasitize hosts of the same size. However, it would be necessary to perform a minimum food requirement assay to conÞrm this claim.
The collections from Hawaii in August 1997, were signiÞcantly male biased. Werren (1984) argued that an overall male-biased sex ratio is predicted when mothers parasitize many small hosts, which will occur only when large hosts are scarce relative to wasp density. Another factor may involve the ratio of male Þtness from a small host (W ms ) to that from a large host (W ml ). According to Werren (1984) , if W ms ϭ W ml , a 1:1 overall sex ratio is maintained until the mother begins to split the sex ratio for small (1.0) and large (0) hosts. If W ms Ͻ W ml , then the overall sex ratio is always slightly male-biased regardless of the proportion of small hosts parasitized. The latter situation (W ms Ͻ W ml ) holds true in H. prosopidis based on Jones (1982) , and the sex ratio of H. prosopidis should be, in principle, male-biased in nature. However, the model predicts that male-biased ratio will be difÞcult to detect because of the small bias. This may be the reason why most H. prosopidis Þeld sex ratios did not deviate signiÞcantly from 1:1 in the current study. The female-biased sex ratio was observed in Arizona in August 1997 and 1998. The data in Table 1 indicate that in August female-biased sex ratios were common in SNM, although there is one transect that showed a 1:1 sex ratio. The spatially-temporally sporadic observations of female-biased sex ratios may be ascribed to host-size variations, and there may be relatively more trees that have large hosts. If this is the case, then the female-biased sex ratios may be the cause for the bias in sex ratio. We need to examine the host size distribution more fully. Werren (1984) also predicted that an overall female-biased sex ratio is caused by local-mate competition. If we consider the possibility of local-mate competition, the female-biased sex ratio in Arizona, 1997, might be explained because there is only one small Prosopis tree in Clear Creek. Of the emergent wasps collected in Arizona (1997) , the majority were collected at the Clear Creek site. The possibility of localmate competition should be examined in more detail for such small isolated populations.
The sex ratio plotted against wasp weight, which is presumed to reßect the host weight, did not show the step function that the theory predicts (Charnov et al. 1981) . Many parasitic wasps whose sex ratios are determined by host size show a gradually decreasing sex ratio with decreasing host size (Godfray 1994) . There are several reasons for such a gradual decrease (Charnov et al. 1981 , Godfray 1994 . First, the threshold to change sex may vary both spatially and temporally, and combining measurements taken from different times may lead to a blurred transition. Second, the estimate of host size may differ among individual parasitoids. At present, it cannot be clariÞed which factors affect such sex allocation patterns of H. prosopidis. We can conclude that female H. prosopidis show the same sex allocation pattern regardless of where they were born and when they parasitize, because the slopes were not signiÞcantly different among years and sites. However, host size distribution would change among years and sites. The line that represents sex allocation pattern will slide according to the host size distribution change, sometimes creating a significant difference in the heights of adjusted means. Thus, females lay different sex ratios on the same-size hosts based on whether the hosts she parasitizes are relatively large or small. This is why the signiÞcant difference was observed in some data among years and sites. In total, the H. prosopidis sex allocation pattern itself is likely to be Þxed genetically, but affected by host-size distributions. More detailed studies are needed to examine the Þeld sex ratio of H. prosopidis. First, we need to know the seasonal and spatial variation of host species and their body sizes. Mating structure should also be studied further in the Þeld using allozymes or microsatellite DNA. As mentioned above, little is known about parasitoidÕs mating structures and sex allocations in the Þeld except for complete local-mate competition. Our study is a preliminary step to understand cases of random mating or partial local-mate competition.
